H II regions are the ionized spheres surrounding high-mass stars. They are ideal targets for tracing Galactic structure because they are predominantly found in spiral arms and have high luminosities at infrared and radio wavelengths.
ABSTRACT
H II regions are the ionized spheres surrounding high-mass stars. They are ideal targets for tracing Galactic structure because they are predominantly found in spiral arms and have high luminosities at infrared and radio wavelengths.
In the Green Bank Telescope H II Region Discovery Survey (GBT HRDS) we found that > 30% of first Galactic quadrant H II regions have multiple hydrogen radio recombination line (RRL) velocities, which makes determining their Galactic locations and physical properties impossible. Here we make additional GBT RRL observations to determine the discrete H II region velocity for all 117 multiple-velocity sources within 18
• < ℓ < 65
• . The multiple-velocity sources are concentrated in the zone 22 • < ℓ < 32
• , coinciding with the largest regions of massive star formation, which implies that the diffuse emission is caused by leaked ionizing photons. We combine our observations with analyses of the electron temperature, molecular gas, and carbon recombination lines to determine
Introduction
H II regions are created by the ionizing radiation from massive stars. Only stars with spectral types of B0 or earlier are capable of producing the ultra-violet photons necessary to appreciably ionize the surrounding interstellar medium (ISM). Such stars only live ∼ 10 Myr and therefore H II regions trace star formation at the present epoch. Since H II regions surround massive stars, they trace spiral structure and can be used to understand the structure of our Galaxy. H II region distances are required to turn measured properties (i.e., flux and angular size) into physical properties (i.e., luminosity and physical size).
Distances are also essential for using H II regions for studies of Galactic structure and large-scale Galactic star formation.
In the Green Bank Telescope H II Region Discovery Survey (GBT HRDS; Bania et al. 2010 ; Anderson et al. 2011) , we detected radio recombination line (RRL) emission from 448 previously unknown Galactic H II regions at X-band (9 GHz; 3 cm). Of the 448 detected targets, 130 (∼ 30%) have multiple RRL velocity components: 106 have two components, 23
have three components, and one has four components. Without knowing the source velocity, it is not possible to compute kinematic distances or to derive physical properties (including electron temperature, e.g., Balser et al., 2015, submitted) for the multiple-velocity HRDS H II regions.
∼ 25% of the ionizing photons are leaking into the nearby ISM.
We hypothesize that most of the additional velocity components are due to the WIM.
Lending support to this hypothesis, the H II regions with multiple velocity components are not evenly distributed in the Galaxy, but are clustered near the locations of large starforming regions that may be leaking photons into the WIM. For example, Anderson et al. (2011) (Lockman 1989) . Furthermore, the strength of the velocity component within 10 km s −1 of the velocity of W43 decreases with distance from this nominal central position of W43. This is consistent with the idea that the WIM is created and maintained by leaking photons from large H II regions.
No study has yet proven that the large-scale distribution of the WIM is connected to the emission from the Galactic population of discrete H II regions. In part this is because the WIM has traditionally been studied at optical wavelengths, and most Galactic H II regions are not optically visible. In radio observations of the WIM, Heiles et al. (1996) showed that there were plumes of ionized gas extending above and below the plane, and that these plumes were in some cases related to massive star formation regions in the Galactic plane. Alves et al. (2010 Alves et al. ( , 2012 Alves et al. ( , 2014 ) discussed low-resolution (∼ 15 ′ ) studies of arises from the discrete H II region.
Observations and Data Analysis
We used the GBT 100 m telescope to observe RRLs in a sample of multiple RRL velocity H II regions from 2011 December through 2013 April. Our spectral line observational setup was identical to that of the HRDS (described in Anderson et al. 2011 ). Our observations made total-power position-switched 6 min. on-target and 6 min. off-target integrations at X-band (9 GHz; 3 cm), hereafter called "pairs." The on-and off-target integrations followed the same path on the sky, and we observed a single pair for each position. We simultaneously observed the H 87 α to H 93 α transitions. We began each observation by measuring a source of known position and intensity in order to obtain pointing and focus corrections. We made no corrections for atmospheric effects.
We reduce the data with the TMBIDL software (T. M. Bania, 2015, private communication) . We average the seven transitions together to improve the RRL signal-tonoise ratio (Balser 2006) and smooth this average H n α spectrum to a velocity resolution of 1.86 km s −1 . This resolution is more than sufficient to resolve the typical 25 km s −1 full width-half maximum (FWHM) of hydrogen RRLs ). We remove a baseline (typically third-order) and fit a Gaussian model to each detected RRL component.
From the Gaussian fits we derive the line intensity, LSR velocity, and FWHM for each component.
Our source sample consists of all H II regions located within ℓ = 18
• to 65
• whose RRL spectra have multiple detected velocity components. We restricted the current study to this longitude range because of the availability of H I data (used in Section 3.2) and the relative accuracy of kinematic distances (see Anderson et al. 2012 , Wenger et al., 2015 .
There are 117 multiple-velocity H II regions within this range: 28 from the literature and 89 from the HRDS. The literature sources were first observed in RRL emission near 5 GHz by Lockman (1989) , Lockman et al. (1996) , or Sewilo et al. (2004) . Figure 1 shows that these multiple-velocity H II regions are not evenly distributed across the Galaxy, but rather are found preferentially in the zone ℓ ≃ 22 − 32 • , coinciding with active regions of high mass star formation in the inner Galaxy.
We conduct our observations in two phases. We first observe the 28 literature sources on-target at the nominal peak of the free-free radio continuum intensity to establish X-band (3 cm) line parameters and to verify the measured velocities. We fit Gaussians to each detected line component. In Table 1 we give the derived RRL peak antenna temperature, LSR velocity, FWHM, and rms noise. The 28 on-target observations resulted in 53 detected lines: 5 observations have one component, 21 have two components, and two have three components. When multiple RRL components are detected, we follow our usual convention and append "a" to the source name of the strongest component, "b" to the source name of the next strongest component, etc. We did not detect multiple velocity components for 5 of these literature H II regions, which could be caused by either a lack of sensitivity in our observations or an error in the original observations.
We next observe, using the same observational setup, positions near all multiple-velocity H II regions (literature and HRDS). The goal of these observations is to identify the discrete H II region source velocities. The WIM is more broadly distributed in the Galactic disk compared to a discrete H II region. Our hypothesis is that observations at positions offset from the multiple-velocity H II regions ("off-target") will detect only the WIM.
The off-target positions are at least one 82 ′′ beam width away from the multiple-velocity H II regions and any other nearby radio continuum sources. A typical separation is a few arcminutes. We determine the off-target positions by examining VGPS 21 cm continuum data (Stil et al. 2006) to identify locations devoid of discrete sources of radio continuum emission (Figure 2 ). For the 51 cases where the results from the first off-target position do not definitively indicate which line is from the discrete H II region, we observe a second off-target position. In 12 cases, we need a third off-target position and in two cases we need a fourth. Some off-target positions are nearly equidistant between two multiple-velocity H II regions, and single off-target observation can be used for both multiple-velocity regions. In total, we observe 127 off-target positions for the 28 literature and 89 HRDS regions.
The observations of the 127 off-target positions resulted in the detection of 225
hydrogen RRLs, or just fewer than two velocity components per position. We give the derived off-target line parameters in Table 2 , which lists the Galactic longitude and latitude, the separation from the nearest multiple-velocity H II region, the line intensity, the LSR velocity, the line FWHM, and the rms noise. The final column gives the multiple-velocity H II region(s) that use this off-target position in our subsequent analyses. Line parameter uncertainties in Table 2 are 1σ.
Determining Discrete HII Region Velocities and Kinematic Distances

Discrete HII Region Velocity Criteria
Our goal is to use these observations to identify the velocity of the discrete H II regions.
To do this we create a database of 474 X-band RRL line parameters from ℓ = 18
lines from the 28 on-target observations of literature H II regions (Table 1) , 225 lines from the 127 off-target positions (Table 2) , and 196 lines from the 89 multiple-velocity HRDS sources ). In order to determine which velocity components are from the discrete H II regions, we use pairs of on-and off-target spectra from this database to search for velocity components with substantially different intensities.
To search for lines that decrease in intensity at the off-target locations, we must associate on-target and off-target velocity components. Due to motions within the ISM, the fact that we are not sampling the same column of diffuse plasma, and measurement error, we cannot expect the line velocities of the on-target and off-target RRL parameters to be identical. We associate a velocity component from an on-target spectrum with a component from an off-target spectrum if their velocities are within 10 km s −1 of each other. Sometimes there are two components in an off-target spectrum that are both within 10 km s −1 of a single component in an on-target spectrum. In such cases, we associate both of these components with the single on-target component.
We examine six independent criteria to determine the discrete H II region velocities:
1. We check if only one line was detected in our on-target observations of the literature sources. As mentioned previously, this may be caused by incorrect line parameters in the literature or by different beam areas for the two sets of observations. For these sources the discrete H II region velocity is unambiguous.
2. We identify HRDS sources that have a negative velocity for one component. For the longitude range of our sources, a negative RRL velocity requires the emitting plasma to be outside the Solar circle. Models of ionized gas in the Galaxy (e.g., Taylor & Cordes 1993) show a very low density outside the Solar circle. Our observations probably lack the sensitivity to detect such low density ionized gas.
Detected negative velocity RRLs in the first Galactic quadrant are therefore likely to be from discrete H II regions.
3. We examine the difference in intensity between the on-and off-target observations for each associated velocity component. A large decrease in line intensity off-target for one component is a clear indication that this velocity is associated with the discrete H II region (explained in detail below).
4. We use the derived electron temperatures for each RRL component to determine which on-target line results in an electron temperature within the range found in previous studies of Galactic H II regions (explained in detail below).
5. We use the association of each on-target RRL component with molecular gas emission. The RRL component intensity difference between the on-and off-target spectra (the third metric above) allows us to discriminate between the discrete and diffuse velocity components. In Figure 3 we show example spectra that have differences in line intensity between the on-and off-target positions. The magnitude of the intensity decrease between on-and off-target RRL spectra must be empirically set. The brightest diffuse emission detected in our observations is ∼ 50 mK (see below). Therefore, any line that decreases in intensity by 50 mK between on-and off-target positions is likely to be from the discrete H II region. We find that our derminations of the discrete H II region velocity based on line intensity differences of 20 mK agree with those determined using other criteria. We therefore take decreases of 20 mK to be a reliable criterion, although we assume that it is less reliable than decreases of 50 mK. Lines that decrease by 10 mK, however, show considerably worse agreement with other criteria, and therefore we do not use 10 mK as an intensity difference criterion.
We naively would not expect to detect large decreases in the diffuse RRL intensity with small changes in position, and therefore the 50 mK criterion is rather conservative (which is why we included the 20 mK criterion as well). Our experiment does show, however, that for some sight lines multiple RRL component intensities decrease by up to 50 mK. This implies either that the diffuse ionized gas is quite clumpy, that a single discrete region is causing both lines, or that there are somehow two discrete H II regions that cannot be separated even in the high resolution MIR data. Regardless of the reason that both lines decrease significantly in intensity for some directions, the 50 mK criterion is justifiably conservative.
The median line intensity in the HRDS was ∼ 20 mK, and therefore the 20 mK criterion is also rather conservative.
Galactic H II regions have a rather narrow range of electron temperatures, T e , ranging from ∼ 5, 000 K to ∼ 10, 000 K (e.g., Quireza et al. 2006 ). The T e of a discrete H II region plasma should lie within this observed range. We thus can use the electron temperature (fourth metric above) to assess which on-target RRL component gives the most reasonable T e value, and thus determine the source velocity.
In local thermodynamic equilibrium (LTE), the electron temperature can be derived from observable quantities:
where ν is the observing frequency, T C /T L is the peak continuum-to-line intensity ratio, ∆v is the Hnα RRL line width, and n( 4 He + )/n(H + ) is the helium ionic abundance ratio, y+.
Each multiple-velocity H II region has a single T C value, but multiple T L and line width values, leading to a different T e for each RRL. This allows us to determine which lines produce T e values outside the nominal range. Following Balser et al., (2015, submitted) , who used the same observational configuration, we use 8.9 GHz for ν, and assume y + = 0.07 (Quireza et al. 2006) . We must assume a value for the helium ionic abundance ratio here because, for the integration times we used, 4 He + is too weak to measure for these sources.
In fact, for the range of y + observed in Galactic H II regions the electron temperature does not depend strongly on this quantity ).
As for the line intensity metric, we must empirically determine a reasonable range of T e values. We define this range using the single-velocity H II region data from Anderson et al. (2011) . We further divide the single-velocity population into "high quality" and "low quality" to investigate the effects of data quality on the derived values of T e . These high quality sources have a simple radio continuum profile (complex flag equal to zero in Anderson et al. 2011 ) and a continuum intensity of more than 100 mK. We compare the single-velocity T e values with that of the multiple-velocity H II regions, computed using the on-target RRL parameters from the present work and the measurements of T C from Anderson et al. (2011) .
We show in the top panel of Figure 4 the electron temperature distribution for all HRDS sources. The spread in electron temperature values for multiple-velocity H II regions is clearly greater than that of the single-velocity H II regions. We expect the derived electron temperature for the diffuse RRL components to be overestimated in general since T e ∝ T C /T L and the diffuse line intensity is low. No single-velocity HRDS source has a T e value greater than 2 × 10 4 K. The derived electron temperatures for multiple-velocity H II regions are on average over twice as large as those of the single-velocity H II regions. The averages for the high-quality single-velocity, low-quality single-velocity, and multiple-velocity samples are 6700 ± 2100 K, 5300 ± 2600 K, and 14000 ± 16000 K, respectively.
Because metals are the main coolants of the H II region plasma, the electron temperature gradient is a proxy for the metallicity radial gradient (Shaver et al. 1983 ).
The electron temperature is the lowest toward the Galactic center, where the ISM has been enriched by multiple generations of stars (high metallicity), and is highest in the outer reaches of the Milky Way, where there have been fewer stellar generations (low metallicity).
The electron temperature Galactocentric radial gradient is apparent in the bottom panel of Figure 4 , which shows the electron temperature of HRDS sources within 18
• as a function of Galactocentric radius. The solid curve is a fit to the high-quality single-velocity H II regions (filled black points) of the form T e = a + b R Gal , where a = 2800 ± 340 K and b = 560 ± 60 K kpc −1 . It is important to note that this fit characterizes the sample well enough for our purposes, but is unreliable for the study of electron temperature gradients themselves because we have not accounted for the relatively poor data quality of some sources. A complete treatment of the electron temperature distribution of HRDS sources is given by Balser et al. (2015, submitted) and Wenger et al. (2015, in prep.) .
We define two zones of acceptable T e values that contain at least 90% of all singlevelocity H II regions: one zone for high-quality sources and one for low-quality. Within the area defined by changes to the y-intercept of ±6σ (dashed curves in bottom panel of Figure 4 ; a = 760 and 4840 K.) lie 91% of all high-quality single-velocity sources. This area defines acceptable electron temperatures for high-quality sources. Within an area below a change to the y-intercept of +10σ (dotted curve; a = 6200 K) are 95% of all low-quality single-velocity sources. This area defines acceptable electron temperatures for low-quality sources. We do not use a change of −10σ to the y-intercept to define the area. The large number of low-quality single-velocity H II regions with very low T e values (apparent in both panels of Figure 4 ) indicates that this would not lead to a reliable criterion. For multiple-velocity H II regions, lines that imply T e values within these acceptable zones are likely from discrete H II regions, while those outside of the zones are more likely to be from diffuse gas.
Using the above analyses, we refine the 6 metrics to develop the criteria used for the determination of the discrete H II region velocities: 1) only one on-target velocity component was detected (literature sources only); 2) one on-target velocity component has a negative LSR velocity; 3a) the intensity of one off-target line component is at least 50 mK less than that of the on-target position; 3b) the intensity of one off-target line component is between 20 mK and 50 mK less than that of the on-target position (the former being the more reliable criterion); 4a) the electron temperature derived from only one line component is within the reasonable range, for high quality sources; 4b) the electron temperature derived from only one line component is within the reasonable range, for low quality sources; 5a) find CO emission matching the source morphology at only at one velocity (their quality factors of "A" or "B"); 5b) dense molecular gas, compiled in the WISE catalog of Galactic H II regions (Anderson et al. 2014) , is only found at one velocity; 6) a carbon RRL is found at only one of the RRL velocities.
These criteria allow us to identify the discrete H II region velocity component for 103 of the 117 multiple-velocity H II regions (88%). If two criteria give conflicting results, we do not assign any velocity; this applies to only 2 sources. For the sources for which we observed multiple off-target positions, we require that most positions give the same answer (i.e., both if there are two off-target position or two if there are three). We summarize the efficacy of our criteria in Table 3 , which lists the number of sources that the criterion applies to, and the percentage of all sources that this represents. Since multiple criteria can be used for a given source, the percentages do not add to 100%. Table 3 shows that the most useful criteria are from the off-target observations (54% of all sources), and the next most useful are from the electron temperature analysis (46% of all sources). We use multiple criteria for 48% of all H II regions, and 58% of all determinations. Because we require that all criteria be in agreement in order to determine the source velocity, and because we have no objective measure of reliability, we cannot evaluate the accuracy of the individual criteria.
In Figure 5 we show that the discrete H II region RRL intensities are greater on average than those of the more diffuse gas. The average peak line intensity for the discrete H II regions is 59.7 mK (with a large dispersion), whereas it is 14.9 mK for the more diffuse gas. For 91 of the 103 regions (88%), the discrete H II region velocity is the brightest of the multiple lines detected. As expected, the distributions of on-and off-target diffuse line parameter intensities are similar. The vertical lines in Figure 5 show the intensity criteria of 20 mK and 50 mK. The fact that the diffuse line intensities are generally lower than these values lends some support to these choices of intensity criteria. More than 98% of the diffuse line intensities are less than 50 mK, and 80% are less than 20 mK.
Kinematic Distances
Using the derived H II region velocities we can compute kinematic distances using a Galactic rotation curve model. Here, we use the Brand & Blitz (1993) rotation curve.
In the inner Galaxy there are two possible kinematic distances for each positive velocity, a problem known as the kinematic distance ambiguity (KDA). We make a kinematic distance ambiguity resolution (KDAR) using H I absorption, in the same manner as H I on-and off-source spectra. The difference of these two spectra shows absorption of background 21 cm radio continuum emission from the H II region by foreground H I. If absorption only occurs up to the H II region velocity, the source must lie at the near distance. If absorption is detected between the H II region velocity and the tangent point velocity, the source must lie at the far distance. If a source velocity is within 10 km s −1 of the tangent point velocity, we use the tangent point distance. As in previous work, the off-target spectrum was taken at a position as close to the source as possible so we can sample a similar column of hydrogen. We assign each KDAR a quality factor based on our qualitative assessment of our confidence in the KDAR: "A" is very certain, "B" is less certain, and "C" means we cannot resolve the KDAR. Of the 86 inner Galaxy H II regions for which we know the source velocity, and that do not lie at the tangent point, we derive a KDAR for 47 (55%). This percentage is lower than that of the HRDS (67% if tangent-point sources are excluded; Anderson et al. 2012 ).
We give the results of our analysis of the discrete H II regions in Table 4 , which lists the source LSR velocity, the near, far, and tangent point kinematic distances, the KDAR, the quality factor for the KDAR, the Galactocentric radius, the heliocentric distance, the height above the plane, and the criteria used to determine the H II region velocity.
Summary
We identify the discrete H II region velocity for 103 (88%) H II regions whose radio recombination line (RRL) spectra show multiple velocity components. We do this by using new Green Bank Telescope (GBT) observations, analyzing the derived electron temperature for each velocity component, and searching for the molecular emission or carbon recombination lines associated with one RRL component.
Our sample contains all multiple-velocity H II regions in the zone 18 • < ℓ < 65
• . The multiple-velocity regions are concentrated in the zone 22 • < ℓ < 32
• , spatially coincident with some of the largest regions of massive star formation in the Milky Way. This suggests that the additional velocity components along these sight lines may be due to leaked photons from large massive star formation complexes. We thus interpret these additional components as stemming from diffuse gas ionized by photons from these energetic regions.
Prior to our analyses, it was not possible to derive distances to these regions, or to derive their physical properties. We derive kinematic distances for 62 H II regions, 15 at the tangent point distance and 47 for which we resolved the kinematic distance ambiguity. This population of H II regions can now be used for large-scale Galactic studies involving H II regions, including studies of Galactic structure (Bania et al., 2015, in prep.) , metallicity (Balser et al., 2015, submitted; Wenger et al., 2015, in prep.) , and the star formation rate (Anderson et al., 2015, in prep.) Finally, our analysis leads naturally to the creation of a large database of diffuse RRL line parameters. Unlike most previous low angular resolution radio investigations of the diffuse RRL emission in our Galaxy, these data sample only the diffuse RRL component, and are uncontaminated by discrete H II regions. We will investigate this rich database in a future paper.
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